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ABSTRACT An element essential for PCR detection of microbial agents in many
sample types is the extraction step, designed to purify nucleic acids. Despite the im-
portance of this step, yields have not been extensively compared across methods to
determine whether the method used contributes to quantitative differences and the
lack of commutability seen with existing clinical methods. This may in part explain
why plasma and blood viral load assays have proven difficult to standardize. Also,
studies have identified small DNA fragments of �200 bp in plasma (cell-free DNA
[cfDNA]), which may include significant quantities of viral DNA. Our study evaluated
extraction yields for 11 commercially available extraction methods, including 4 new
methods designed to isolate cfDNA. Solutions of DNA fragments with sizes ranging
from 50 to 1,500 bp were extracted, and then the eluates were tested by droplet
digital PCR to determine the DNA fragment yield for each method. The results dem-
onstrated a wide range of extraction yields across the variety of methods/instru-
ments used, with the 50- and 100-bp fragment sizes showing especially inconsistent
quantitative results and poor yields of less than 20%. Slightly higher, more consis-
tent yields were seen with 2 of the 4 circulating cell-free extraction kits. These re-
sults demonstrate a significant need for further evaluation of nucleic acid yields
across the variety of extraction platforms and highlight the poor extraction yields of
small DNA fragments by existing methods. Further work is necessary to determine
the impact of this inconsistency across instruments and the relevance of the low
yields for smaller DNA fragments in clinical virology testing.

KEYWORDS extraction yield, ccfDNA, extraction methods, viral diagnostics, viral DNA
processing

A critically important step in the detection of infectious agents in most patient-
derived samples is the extraction of nucleic acid. Many extraction instruments are

available from manufacturers, and each instrument may have a variety of kits and/or
protocols, leading to multiple sources of possible variation in extraction results. Most
published comparison studies have been limited to 2 to 3 instruments, often from the
same manufacturer, or the data may be restricted to a single organism or sample type.
In one larger study, Verheyen et al. compared the performance of 5 instruments for the
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extraction of norovirus RNA from stool and cytomegalovirus (CMV) DNA from plasma
(1). They found a spread of more than 3 cycle thresholds (CTs) (equivalent to a 10-fold
difference in extraction yield) in norovirus-positive samples, while CMV-positive sam-
ples showed a 5.5-fold spread between the mean for the lowest- and highest-yielding
instruments. A limited number of other studies have examined 3 or more extraction
systems and evaluated the viral yield for HIV (2–5), hepatitis B virus (6, 7), CMV (8),
enterovirus (9), and herpes simplex virus (10). Yang et al. evaluated 6 different extrac-
tion instruments targeting 5 different respiratory bacterial and viral pathogens (11);
Dundas et al. used 4 methods with 3 viruses, mycoplasma, and Bordetella (12). None of
these studies have identified a clearly superior extraction instrument among the
studied applications; rather, 2- to 10-fold differences in yield are often seen across
instruments. Thus, for studies that compare molecular test results across multiple
laboratories, a significant component of the variation seen could be a result of
extraction method differences. When comparing methods that have extraction coupled
to PCR, it is often difficult to partition the amount of variability seen in the 2 different
steps. We designed this study to evaluate extraction yields across 11 methods, 7 of
which are commonly used in clinical laboratories and 4 of which use newly available
circulating cell-free (CCF) extraction kits (CCF kits) designed to maximize the yield of
cell-free DNA (cfDNA). This is a companion study to a recently completed CMV and
Epstein-Barr virus (EBV) commutability study performed with all 6 of the instrument
systems utilized in this study (R. Hayden, unpublished data).

Circulating cell-free DNA in blood was initially described by Mandel and Metais in
1948 (13). A possible clinical utility of cfDNA quantitation was proposed when higher
concentrations of both normal DNA (cfDNA) and circulating tumor DNA (ctDNA) were
found in the sera of cancer patients (14, 15). Under normal conditions, cfDNA consists
predominantly of fragments of about 167 bp, which is equivalent to the size of DNA in
the chromatosome and similar to the size of fragments produced by apoptosis (16, 17)
rather than to the size of the larger, less uniformly sized fragments seen in necrosis (18).
In the last 10 years, an explosion of papers in the literature have described the utility of
the detection and quantification of cfDNA and ctDNA in a variety of cancers. Significant
advancements have included the following. (i) The use of cell-stabilizing sample
collection tubes to prevent contamination of plasma with cellular DNA gave increased
cfDNA purity and yield. (ii) It was recognized that routinely utilized DNA and total
nucleic acid extraction methods lead to the further fragmentation of cfDNA during the
extraction process. (iii) The cfDNA plasma/serum concentration was found to be very
low, 10 to 100 ng/ml, necessitating the development of better extraction methods for
small fragments (14). (iv) Newer CCF extraction methods utilizing starting volumes of
up to 5.0 ml and altered temperatures and/or buffer conditions have significantly
improved cfDNA yields. Several extensive circulating cell-free DNA (ccfDNA) extraction
method comparisons (19–26) and several excellent reviews describing the technical
aspects of cfDNA extraction have recently been published (27–32). For this study, we
compared the extraction yields for different-sized DNA fragments obtained by seven
routine extraction methods to those obtained by four more recently available CCF kit
methods.

Although cfDNA has been extensively studied in cancer, little is known about cfDNA
in infectious diseases other than EBV-associated tumors. In 2003, Chan et al. demon-
strated that an EBV PCR assay with an 82-bp amplicon detected 7.5 times more EBV in
nasopharyngeal cancer patients’ plasma than an assay with a 181-bp amplicon (60). The
sensitivity of this assay for EBV cfDNA was enhanced using PCR primers specific for the
internal repeat 1 region of the EBV genome (about 10 repeated copies/genome). Many
studies have now confirmed the utility of EBV cfDNA measurements for the detection
of nasopharyngeal carcinoma, therapeutic response monitoring, prediction of a recur-
rence, and monitoring of at-risk populations (33–39). It is unknown for other viruses
whether small fragments of viral nucleic acid are present in the cfDNA. For CMV, there
are multiple published studies indicating the possibility that fragmented DNA may be
important for CMV PCR quantitation. CMV DNA in plasma has been shown to predom-
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inantly consist of very small fragments of �138 bp (40–42). Given these observations
from CMV and EBV studies, it seems vital that we more clearly understand what nucleic
acid-sized fragments are present in plasma and other body fluids for all clinically
relevant viruses and how effectively they are extracted with the methods currently
used. We have designed this study to carefully evaluate the yields of artificially created
small DNA fragments with a variety of commonly used clinical extraction methods to
begin to address this important issue.

MATERIALS AND METHODS
Sample preparation and extraction. Oligonucleotide fragments with sizes of 50, 100, 150, 200, 500,

and 1,500 bp were constructed by the generation of random DNA sequences (Table 1) at GenScript
(Piscataway, NJ). Imbedded within each oligonucleotide were identical forward and reverse primer
sequences separated by random intervening sequences of different lengths for which a corresponding
6-carboxyfluorescein (FAM)-labeled black hole quencher (BHQ) probe was designed. Each fragment had
an ATC at the 3= end of the 5= primer sequence and a TA at the 5= end of the 3= primer. Each of the
fragments had a single amplicon sequence inserted into the fragment. In order to minimize PCR
variability, the amplicons were designed to have very similar sizes; the amplicon sizes varied from 50 to
58 bp in length for the different fragment sizes. For each fragment size, the DNA fragments were
assigned quantities on the basis of the results from the droplet digital PCR (ddPCR) assay and then
diluted in EDTA plasma to concentrations of 4.0, 5.0, and 6.0 log10 copies/ml for subsequent extraction.
The fragments were separately diluted in TE (Tris-EDTA) buffer for use as nonextracted controls. Aliquots
of each fragment were frozen at �20°C and then shipped to the 3 participating laboratories. Four
replicate extractions for each size/concentration were done with each of the 11 different instruments/
methods, as described in Table 2. Kit selection and the method used for each assay were based on the
manufacturers’ recommendations for optimum routine DNA virus extraction. All extractions were per-
formed according to the manufacturers’ instructions. After extraction, the resulting eluates were frozen
until tested with the ddPCR assay.

ddPCR quantitation of extracted fragments. Quantitation of the extracted fragments was done by
ddPCR with the primers and probes listed in Table 1 in the laboratory at Exact Diagnostics, Inc. (Fort
Worth, TX). A Bio-Rad QX200 system (Bio-Rad Laboratories, Inc., Hercules, CA) was used for analysis, with
the final master mix containing 15.5 �l Bio-Rad ddPCR SuperMix and 6.5 �l of eluate with the primers

TABLE 1 Primers/probes and oligonucleotide sequences

Name Sequence Tm
a (°C)

Oligonucleotide
length (bp)

Amplicon
length (bp)

Forward primer TGACGAGCTGCGAGC 62 15
Reverse primer ATGTGCTCGACGCG 60 14
Probe50 FAM-GCACGTAGCGCGACGC-BHQ 68 16 50
Probe100 FAM-TACGTGCACGTAGCCGAGACTC-BHQ 69 22 56
Probe150 FAM-AGGCACTTCTATCGCTGGCTCAC-BHQ 70 23 57
Probe200 FAM-TAGATACTGGGTCAACAGCGAGGC-BHQ 69 24 58
Probe500 FAM-CGAGTAAGGCTAGCATCGCTGC-BHQ 69 22 56
Probe1500 FAM-GCAGCTGTGAGCATACTACGGAC-BHQ 67 23 57
50-bp fragment TGACGAGCTGCGAGCATCGCACGTAGCGCGACGCTAATGTGCTCGACGCGb

aTm, melting temperature.
bShading indicates the locations of the primers and probe in the sequence.

TABLE 2 Extraction instrument information

Extraction instrument Extraction kit
Input
vol (�l)

Elution
vol (�l)

Fold
concn Lab performing the assay

Qiagen EZ1 Advanced DSP virus kit 400 60 6.7 Miriam Hospital
Abbott M2000sp mSample Preparation SystemDNA 500 110 4.5 Miriam Hospital
Qiagen QIAsymphony SP DNA minikit 200 200 1.0 St. Jude
BioMerieux Nuclisens EasyMag Universal RNA/DNA kit 200 100 2.0 St. Jude
Roche MagNaPure 96 DNA/viral NA small volume 200 100 2.0 University of Washington
Promega Maxwell 16 RSC Total nucleic acid 200 100 2.0 University of Washington
Qiagen spin column (manual) Qiagen MinElute virus spin column 200 100 2.0 Exact Diagnostics, Inc.

CCF kits
Promega Maxwell 16 CCF RSC ccfDNA plasma 200a 100 2.0 University of Washington
Qiagen spin column (manual) QIAamp circulating nucleic acid 1,000 100 10.0 Exact Diagnostics, Inc.
Qiagen EZ1 Advanced EZ1 CCF DNA 200 60 3.3 Miriam Hospital
Qiagen QIAsymphony SP CCF kit 2,000 60 33.3 St. Jude

aThis kit takes up to a 1.0-ml volume, but only 200 �l was used for this evaluation.
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at 900 nM and the probes at 250 nM. Each set of 4 replicate extraction eluates was individually tested.
After droplet generation utilizing a Bio-Rad droplet generator was completed, standard PCR was done
using a Bio-Rad C1000 Touch thermal cycler. Reactions were as follows: 95°C for 10 min; 60 cycles of 94°C
for 30 s and then 58°C for 60 s; then 98°C for 10 min; and then, finally, a hold at 12°C until the samples
were removed from the instrument. After the completion of the PCR amplification, samples were
analyzed on a Bio-Rad QX200 ddPCR instrument. Data from 4 replicate extractions for each sample were
merged in Bio-Rad QuantaSoft analysis software (v1.7.4) to calculate a final mean number of copies per
milliliter for each extraction eluate (45,000 to 50,000 droplets were analyzed per extraction point). The
mean number of copies per milliliter and the 95% Poisson distribution of the mean for each extraction
point were obtained from the Bio-Rad analysis result tables. The coefficient of variation (CV) was
calculated from the 95% Poisson distribution using Microsoft Excel software. All graphics were made with
GraphPad Prism (v7) software.

To more closely examine the extraction yields for the CCF kits, a percent yield was calculated to
compare the yields of the CCF kits to those of their corresponding routine kits [(CCF kit yield/routine kit
yield) � 100 � percent yield]. In addition, the percent yield for each extraction was calculated by
comparison to that for the unextracted material [(extracted material yield/unextracted material yield) �
100 � percent yield]. Because the unextracted control was diluted in TE buffer rather than EDTA plasma,
the absolute quantity of the fragments might be different in the two solutions. When percent yield
results were calculated, some results were significantly higher than 100%, implying that use of the
unextracted DNA quantities may underestimate the actual DNA quantity in the corresponding unex-
tracted EDTA plasma samples (the ideal denominator for the percent yield calculation). Despite this
limitation, unextracted quantities were used to calculate percent yields to allow yields across all
extraction methods to be compared to each other. Thus, all percent yields given in the Results are
relative rather than absolute values.

RESULTS
Evaluation of extraction yields for routine methods. There was a large variation

in the quantity and percent yield across the data. Figure 1 displays the yields seen for
each method and fragment size stratified by fragment concentration. Essentially all
unextracted fragments made in TE buffer were measured to be present at concentra-
tions that were about 50% of the theoretical concentration, demonstrating that our
process for making the fragment solutions probably resulted in a quantity 50% lower
than expected based on the theoretical concentration. This was relatively consistent
across all concentrations and extractions. Overall extraction yields were the highest
with the Promega Maxwell 16 and Qiagen MinElute kits and lowest with the bioMérieux
EasyMag kit. Compared to the yields for the unextracted controls, the yields were the
lowest at the lowest fragment concentration and the highest at the highest fragment
concentration. Yields significantly lower than expected were seen with essentially all
50-bp and 100-bp extractions, indicating the poor extraction of smaller DNA fragments
with all 7 routine methods. The highest yields and greatest agreement across methods
were seen for the 6.0-log10-copy/ml concentration with the larger 200-, 500-, and
1,500-bp fragments. All extraction data are graphically presented for both quantity and
percent yield in Fig.S1 and S2 in the supplemental material.

Evaluation of extraction yields for CCF methods. The fragment yields obtained
for the 4 CCF kits are displayed in Fig. 2. As was true for the routine methods, the yields
for the CCF kit extractions were also extremely variable across methods and fragment
concentrations. Extraction yields were higher with the Promega Maxwell 16 and Qiagen
MinElute CCF kits than the other two CCF kits. Although they were designed to increase
the yields of smaller fragments, CCF kit yields for the smaller 50- and 100-bp fragments
were still very low, although they were somewhat higher than those for the routine kits.
As was seen with the routine kits, the highest yields and best precision were seen with
the larger 200-, 500-, and 1,500-bp fragments.

Extraction yields for smaller DNA fragments. Table 3 contains quantitative per-
cent yields for all methods compared to those for their nonextracted controls for the
50-, 100-, and 200-bp fragments. Most of the methods extracted �20% of the 50-bp
fragments, with most methods displaying decreasing percent yields as the fragment
concentration increased. The 100-bp fragments showed a similar pattern, with the
percent yields being slightly higher for some methods. This may imply that there is a
limited capacity to bind or elute smaller fragments within the components of most
methods. This was clearly not the case with the larger fragments, as percent yields
ranged from 50 to 100% for the 200-, 500-, and 1,500-bp fragments at all 3 concen-
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trations (see Fig. S2 in the supplemental material for the yields for the 150-, 500-, and
1,500-bp fragment sizes). In contrast, the Promega M16 CCF method appeared to have
a good overall percent yield for all combinations except for the sample with the lowest
concentration of 50 bp. The Qiagen MinElute CCF kit appeared to perform with the 2nd
highest yields overall. Surprisingly, the other 2 CCF kits did not appear to significantly
outperform their non-CCF kits for the 50- and 100-bp fragments in this analysis.

Figure 3 shows these data in graphic form. Compared to the unextracted control
material, only the 200-bp fragment showed relatively consistent extraction yields across
the different concentrations and methods.

Routine versus CCF kit performance. To further investigate the performance of
the CCF methods, we compared the relative yields of the CCF methods with those of

FIG 1 Quantitative yields for all routine DNA extraction methods separated by instrument and fragment
concentration. Dotted horizontal lines represent the theoretical 100% yield at each concentration.
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the routine methods for the 4 instruments/methods which had both methods available.
Table 4 contains the quantitative yields for each of the 4 methods for the 50-bp and
100-bp fragment sizes at all 3 concentrations. Similar patterns were seen for fragments
of both sizes. These consisted of overall low yields with similar quantities at the lowest
concentration, with only a 4- to 8-fold difference in quantity being seen between the
lowest and the highest yields and with little impact of the CCF method being seen. In
contrast, at the highest concentration, the Promega Maxwell 16 and Qiagen MinElute
CCF kits gave significantly higher yields than the routine kits, with 32-fold and 3.3-fold
higher yields, respectively, for the 50-bp fragment extraction and a 6.4-fold higher yield
with the Promega Maxwell 16 kit for the 100-bp fragment extraction. Extraction yields
for the Qiagen QIAsymphony and the Qiagen EZ1 CCF kits were low and not signifi-
cantly different from the yields seen with their routine kits. Even with the increased
yields for 2 of the CCF kits, most yields were under 10%.

Figure 4 graphically represents the results comparing two of the CCF kit methods.
Figure 4A focuses on the 5.0-log10-copy/ml fragment concentration and shows that the

FIG 2 CCF kit extraction yields. Quantitative yields for all CCF kits are shown, with the data being
separated by instrument and fragment concentration. Dotted horizontal lines represent the theoretical
100% yield at each concentration. The unextracted samples were fragments made to 4.0, 5.0, and 6.0
log10 copies/ml in TE (Tris-EDTA) buffer and run by ddCPR without extraction. M16, Maxwell 16; QiaSym,
QIAsymphony.
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highest yields were seen under all conditions for the Promega Maxwell 16 CCF kit.
Figure 4B contains percent yields relative to that the unextracted control for the same
4 methods. Again, the highest relative yields were seen with the Promega Maxwell 16
CCF extraction. Although the Promega Maxwell 16 kit clearly gave the highest yields for
the 50- and 100-bp fragments, the overall yield was still poor for all kits with these small
fragments.

Extraction and ddCPR result precision. All data previously presented represent
the mean number of copies per milliliter calculated by pooling the data generated from
4 individual extraction/ddPCR replicates done for each combination of instrument,
fragment size, and fragment concentration. Because the results generated had a
tremendous amount of variability overall, we examined the coefficient of variation (CV)
for the 4 individual results in an effort to further identify possible sources of variation
and to determine whether the large variability seen between extraction methods is a
result of extraction reproducibility or ddPCR variability. The CV that we calculated
reflects all between-sample within-run precision, whether variation was due to the
extraction or the ddPCR assay step. PCRs are known to have lower precision at small
quantities, and our data support that conclusion. Our data also support a second
conclusion: that the methods extract smaller fragments less precisely than larger
fragments. The CVs for all results are found in Table S1. Overall, the variability within the
replicates was the highest with samples with lower concentrations and with smaller
fragment sizes. Representative results are found in Fig. 5, where the highest variability
is seen with the 50-bp fragment at the lowest fragment concentration (average CV for
all methods � 16.11%), while the highest precision (lowest variability) was seen with
the 1,500-bp fragment and the highest concentration (CV � 0.97%).

When the CVs for the unextracted fragment yield were compared to those for the
extracted material, they appeared to be similar. This may imply that the majority of the
variation seen at a given fragment concentration/size was due to the ddPCR process
rather than the extraction process. However, variation due to an instrument component
was also present, as some instruments had higher CVs than others, while EasyMag gave
the highest CVs at 8 of 18 points (Table S1). Surprisingly, the manual Qiagen MinElute
method, which may be expected to have higher variation, had CVs within the range of
those of the automated methods except at the lowest fragment size/concentration.
Overall, the precision appeared to be the best for the CCF kits, with the Qiagen
MinElute CCF manual kit or the Promega Maxwell 16 CCF kit methods producing the
lowest overall CV values for 14 of the 18 points. This may be partly due to the increased
concentrations of the eluates in some of the CCF kit methods, but this was not true for
the Promega Maxwell 16 method done with a 2� concentration factor. Alternatively,
there may have been something unique to the CCF extraction methods that allowed for
increased precision during the extraction process.

TABLE 3 Extraction percent yields by fragment size

Extraction instrument/kit

% yield of the following fragments at the indicated estimated concna:

50-bp fragments 100-bp fragments 200-bp fragments

4.0 log 5.0 log 6.0 log 4.0 log 5.0 log 6.0 log 4.0 log 4.0 log 6.0 log

Abbott M2000sp 16.5 3.1 0.6 44.8 2.3 5.7 81.3 51.2 71.1
bioMeriuex EasyMag 8.4 6.2 0.9 8.7 1.8 1.2 127.6 58.5 54.2
Promega Maxwell 16 25.1 10.8 4.2 25.1 12.9 5.4 94.4 78.4 99.4
Qiagen EZ1 DSP 7.7 12.6 9.0 12.1 8.7 2.9 49.4 40.6 61.2
Qiagen QIAsymphony 18.6 16.8 5.2 27.7 7.2 2.7 61.1 59.4 79.7
Qiagen MinElute 6.7 23.4 11.7 59.1 6.3 18.6 100.8 9.2 105.2
Roche MP96 10.3 13.6 5.1 177.2 23.6 4.0 64.9 61.1 68.0
Promega Maxwell 16 CCF 18.3 111.7 132.9 101.8 59.9 34.6 452.4 153.5 265.5
Qiagen EZ1 CCF 31.6 5.5 3.8 15.6 20.8 5.4 54.0 47.6 75.1
Qiagen QIAsymphony CCF 8.7 6.4 4.1 0.8 0.0 23.5 114.9 47.1 77.5
Qiagen MinElute CCF 21.6 60.7 38.7 52.2 42.7 14.6 121.6 82.7 124.0
aEstimated fragment concentrations are in log10 number of copies per milliliter. Results in shaded cells appear to be extraction failures.
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DISCUSSION

Results from these studies demonstrate significant differences in fragment extrac-
tion yields across multiple routinely utilized instruments. We also clearly showed overall
poor yields of smaller DNA fragments even at high concentrations in essentially all
routinely used methods, and in only 2 of 4 CCF methods was there an improved yield
of smaller fragments, although they were still low. Thus, the extraction of these artificial
lab-generated small DNA fragments from plasma was performed poorly by all kits
evaluated in this study. Further study is necessary to determine if a similar lack of yield
would be seen for small viral DNA fragments present in clinical patient samples, in
plasma (as studied here), as well as in other clinically relevant sample types. It is
possible that these artificial DNA fragments could differ in some way to cause extrac-
tion of them to have a profile different from that of viral DNA fragments generated in
vivo. We did not attempt to adjust instrument protocols to maximize small fragment
yields but, rather, attempted to assess small DNA fragment yields with existing clinical

FIG 3 Quantitative yields displayed on the basis of the fragment size for the 50-, 100-, and 200-bp
fragments. (A, C, E) Results obtained by routine extraction methods; (B, D, F) results obtained with the
CCF kits.
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extraction instruments/protocols for plasma CMV and EBV. It is possible that the
manufacturers of these instruments could have or may develop other protocols to
increase DNA fragment yields, but that was not the purpose of this study.

Significant differences in yields between the plasma-extracted and unextracted
controls in TE buffer were seen, making it difficult to determine the 100% yield value.
The use of carrier RNA, DNA, or protein in the TE buffer may have increased the stability
during storage and impacted the PCR yield of the unextracted control fragments. After
review of the data, we chose to present most of the data as quantitative data rather
than as percent yield to minimize this issue within the results.

TABLE 4 Yields for the 50-bp and 100-bp fragment extractions

Instrument/kit

Yield (log10 no. of copies/ml) of the following fragments at the indicated estimated concna:

50-bp fragment 100-bp fragment

4.0 log 5.0 log 6.0 log 4.0 log 5.0 log 6.0 log

Promega Maxwell 16 2,280 4,520 13,000 1,220 5,870 14,900
Promega Maxwell 16 CCF 1,660 46,900 412,000 4,960 27,200 95,600

Qiagen QIAsymphony 1,690 7,070 16,200 1,350 3,280 7,580
Qiagen QIAsymphony CCF 790 2,690 12,700 41 0 64,900

Qiagen EZ1 DSP 696 5,280 27,900 589 3,960 8,070
Qiagen EZ1 CCF 2,870 2,330 11,700 762 9,440 14,800

Qiagen MinElute 609 9,820 36,400 2,880 2,880 51,400
Qiagen MinElute CCF 1,960 25,500 120,000 2,540 19,400 40,400
aThe yield is the final concentration measured by ddPCR. Initial estimated fragment concentrations are in log10 number of copies per milliliter.

FIG 4 Quantitative yields displayed on the basis of the fragment size for all fragment sizes at 5.0 log10

copies/ml. (A) Fragment yields separated by the instrument/kit utilized and then the yields of each
fragment size. (B) The yield for each method compared to the yield for the unextracted (TE buffer) control
(extracted/unextracted control).
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Since all the extractions were evaluated for fragment quantity by the same ddPCR
assay, it was possible for us to evaluate instrument extraction precision. Our analysis,
based on the CV data, demonstrated that for a given fragment size at difference
concentrations, most of the variation seen is due to increased ddPCR variability at low
quantities. In addition, at a given concentration with different-sized fragments, most of
the variation was due to the extraction variability of the smaller fragments. Given the
very tight CVs for the larger fragments and the CVs of �20% overall even at the
smallest fragment sizes, we conclude that variation from the ddPCR assay is a relatively
insignificant component of the total variation seen across extraction methods for
fragment DNA yields in this study.

Unfortunately, this study did not include the Roche Cobas AmpliPrep/Cobas TaqMan
instrument (Pleasanton, CA), which is the method most commonly used for CMV
quantitation (46% of respondents in the 2017 to 2018 College of American Pathologists
proficiency surveys indicate that they use this method). This method was not included
due to the inability to obtain eluate prior to the automated addition of PCR reagents
to the eluate tube. However, for the next 3 most commonly used instrument systems,
the extraction methods used in this study are essentially equivalent to those used in
other FDA-cleared CMV and/or EBV assays, the Abbott RealTime M2000sp (Des Plaines,
IL), the Qiagen QIAsymphony RGQ MDx, and the Qiagen EZ1 Advanced (Germantown,
MD) assays. Extraction yields for these three methods compared to each other dem-
onstrated 3- to 20-fold differences in results across all fragment sizes and concentra-
tions. A careful examination of the data contained in Table 3 reveals significant
differences between the yields obtained with each of these clinical instruments across
the variety of fragment sizes and concentrations. In some cases, the differences were
more than a log. Given these results with the artificially created fragments, if similar
differences were demonstrated for viral DNA fragments in clinical samples, these
extraction differences may contribute to the significant variation in results seen in
clinical CMV and EBV studies. Extraction differences may also negatively impact stan-
dardization efforts, since existing WHO and NIST standards are intact virus, while some
patient samples may contain levels of DNA fragments that may further impact the
commutability of standard materials and patient results.

These studies clearly demonstrate the failure of even the CCF extraction methods to
extract artificially created smaller DNA fragments efficiently. The Promega Maxwell 16
CCF kit performed significantly better than the other kits, and the Qiagen MinElute CCF

FIG 5 Comparison of the coefficients of variation for four selected combinations of fragment size and
concentration. The percent CVs for the extraction yields for 4 selected combinations of fragment size
and concentration are represented graphically. The unextracted control is represented by the black bar,
and for each of the 4 sets represented, the remaining bars present in order from left to right the results
for EasyMag, EZ1 DSP, MP96, MinElute, Maxwell 16, m2000sp, QIAsymphony and then a space, followed
by the results for the CCF kits (EZ1 CCF, MinElute CCF, Maxwell 16 CCF, and QIAsymphony CCF).
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kit performed somewhat better than the other 2 methods, but overall yields were still
�20% for most fragment sizes and concentrations. Utilizing CCF kits with large sample
input volumes could improve assay sensitivity; however, this increased volume may be
a drawback in some clinical settings and with some sample types. Intensive efforts are
ongoing in the tumor DNA field to design and validate better-performing CCF meth-
ods/kits for clinical testing. Similar efforts are needed to validate better extraction
methods and determine the clinical utility of improved CCF methods in clinical micro-
biology laboratories, especially for viral diagnostics.

Currently, little is known about the clinical impact of our observations of extremely
low extraction yields for small DNA fragments in viral disease testing. Only in EBV-
associated nasopharyngeal cancer has the size of DNA been carefully studied and has
it been clearly shown that accurate measurements of small fragments are critical to the
measurement of the EBV-associated tumor burden. Small DNA fragment detection is
less carefully studied in the large variety of other EBV-associated infections and tumors.
A strong indication that the measurement of cfDNA may have clinical utility can be
found in a study by Ryan et al. which showed that plasma from lymphoma patients
contained unencapsulated DNA (cfDNA?), while plasma from patients with active
infections contained both encapsulated and naked DNA (43). Many studies have found
utility for EBV PCR plasma testing in patients with EBV-associated malignancies (44–55),
but few have utilized newer CCF extraction methods. Lit et al. studied EBV-associated
lymphoma patients and demonstrated cfDNA in some but not all patients with active
disease, while inactive/remission cases had only larger cell-associated EBV DNA (47). In
summary, the detection and quantitation of both EBV cfDNA and larger EBV DNA
fragments may be important for diagnosis and monitoring with plasma/whole-blood
EBV PCR testing. Further studies are necessary to determine how useful the detection
of cfDNA may be in all EBV-associated diseases.

A few studies have described cfDNA-sized fragments in CMV infections, but addi-
tional studies are critical to elucidate this further. Boom et al. measured CMV DNA in
plasma and whole blood from 3 renal transplant cases with primary CMV infections and
demonstrated that the CMV DNA present was predominantly �2,000 bp in size (40).
Preiksaitis et al. evaluated 10 CMV DNA quantitation methods in 6 labs and found a
strong high bias for assay results with PCR amplicons of �100 bp (41). Tong et al.
analyzed CMV quantities in plasma from 20 solid organ transplant recipients and
demonstrated that 10 of the patients had predominantly unencapsulated CMV DNA
detected at 2.6-fold higher levels when amplifying an 81-bp amplicon than when
amplifying a 138-bp amplicon (42).

Finally, four single case reports offer tantalizing additional evidence that measure-
ments of cfDNA may be useful in infections and malignancies associated with viruses
other than EBV and CMV. A recent study by Chesnais et al. successfully detected CMV
cfDNA sequences in mothers with low CMV viral loads (56) and also detected other
viruses in some mothers and preterm babies. Two single case reports for Kaposi’s
sarcoma and BK polyomavirus-associated bladder cancer demonstrated that quantita-
tive measurements of cfDNA containing human herpesvirus 8 or BK virus were useful
in tumor detection and therapeutic monitoring of these two virus-associated cancers
(57, 58). Finally, Kowarsky et al. utilized next-generation shotgun sequencing of cfDNA
in the blood of 188 transplant patients and pregnant women and identified hundreds
of new bacterial and viral species (59).

Clearly, the study of viral fragments in cfDNA extracted with CCF kits could be an
exciting area of investigation leading to increased sensitivity and better consistency in
the detection and quantification of viral sequences in plasma/serum. Our study has
clearly demonstrated that extraction differences, including those from the use of CCF
kits, could contribute to the lack of agreement across different methods when samples
contain fragmented viral DNA. Further work is necessary to determine the clinical utility
of accurately measuring small viral DNA fragments in clinical settings.
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